G
rafting is a horticultural technique primarily used to control soilborne pathogens, reduce abiotic stresses, and improve crop productivity in cucurbitaceous and solanaceous vegetables (Kubota et al., 2008; Lee et al., 2010) . This technique may be especially useful as a management tool for soilborne diseases in organic production. Several recent studies have demonstrated the effectiveness of grafting for controlling root-knot nematodes (Meloidogyne sp.), bacterial wilt (caused by Ralstonia solanacearum), fusarium wilt (caused by Fusarium oxysporum), and southern blight (caused by Sclerotium rolfsii) in the United States (Bausher, 2009; Kubota et al., 2008; Ló pez-Pérez et al., 2006; Rivard and Louws, 2008; Rivard et al., 2010a) . Grafting research and breeding efforts for both tomatoes and tomato rootstocks have traditionally focused on increasing yield, improving disease resistances, and extending postharvest shelf life (King et al., 2010; Klee, 2010; Rouphael et al., 2010) . Consumers are not satisfied with fruit and vegetable flavors and are willing to pay a premium price for produce with improved taste (Klee, 2010) . With this increase in consumer interest in fruits and vegetables with superior flavor, more recent studies have examined grafting effects on fruit quality (Di Gioia et al., 2010; Fernández-Garcia et al., 2004; Mišković et al., 2009; Pogonyi et al., 2005) .
Results on fruit quality from grafted tomato plants have been mixed (Edelstein, 2004; Martínez-Ballesta et al., 2008; Rouphael et al., 2010) . Increased concentrations of lycopene, b-carotene, and SSC in tomato fruit as a result of grafting with selected rootstocks have been reported (Fernández-Garcia et al., 2004; Flores et al., 2010) . On the other hand, reduced levels of SSC, total sugars, vitamin C, and total phenolics were found in fruit from tomato plants grafted onto certain rootstocks as compared with nongrafted plants (Di Gioia et al., 2010; Pogonyi et al., 2005; Turhan et al., 2011; Vinkovic Vrcek et al., 2011) . Furthermore, some reports showed no significant differences in pH, TTA, SSC, and lycopene content in fruit from grafted vs. nongrafted plants (Khah et al., 2006; Romano and Paratore, 2001 ). To date, few studies have examined the effect of grafting on fruit quality and sensory attributes of heirloom tomatoes, which are often perceived to have outstanding eating quality (Di Gioia et al., 2010) . Increased yields and enhanced fruit quality attributes are essential for growers to justify the higher cost of grafted tomato plants. This cost, as reported by Rivard et al. (2010b) , could be 147% to 354% higher for grafted plants produced in the United States.
Grafting may provide an effective management tool for tomato growers to control soilborne pathogens and reduce environmental stresses. However, if fruit quality is adversely affected as a result of grafting, growers may be less likely to adopt this technique. Tomato hybrid and interspecific tomato hybrid rootstocks are the two major types of commercially Rivard and Louws (2008) . The newly grafted seedlings were held together with 1.5-or 2.0-mm silicone clips (Hydro-Gardens, CO Springs, CO). After grafting, the seedlings were placed in a climatecontrolled walk-in cooler at 25°C and %95% relative humidity without light for 24 h. The seedlings were progressively exposed to increased light durations and reduced humidity for 6 d, until the graft unions had healed. Healed grafted seedlings were relocated to a greenhouse to harden off for 5 d before transplanting.
FIELD EXPERIMENTS. Tomato seedlings were transplanted on 10 Apr. 2010 and 2 Apr. 2011. Both field experiments were arranged in a randomized complete block design with five blocks. There were 12 and 15 plants per plot in 2010 and 2011, respectively. Both trials consisted of four treatments: nongrafted (NGBW) and self-grafted (BW/BW) 'Brandywine', and 'Brandywine' grafted onto 'Multifort' (BW/MU) or 'Survivor' (BW/SU). The plants were grown on raised beds with black plastic mulch and drip irrigation. Granular fertilizer (10N-0.9P-6.6K; Nature Safe, Cold Spring, KY) was applied preplant at a rate of 200 lb/acre nitrogen. Fishand seaweed-based liquid fertilizer (2N-1.3P-0.8K; Neptune's Harvest, Gloucester, MA) was injected into the drip system weekly at a rate of 1.7 lb/acre nitrogen throughout the season to provide supplemental fertilization. The stake and weave system common to Florida fresh market tomato production was used and plants were trellised to provide vertical support (Olson et al., 2011) .
Both field trials took place at the University of Florida Plant Science Research and Education Unit in Citra. Tomato plants were grown on certified organic land in compliance with the National Organic Program (U.S. Department of Agriculture, 2002) .
FRUIT COMPOSITION ANALYSES. Vitamin C, SSC, pH, and TTA were determined for tomato fruit from all four treatments harvested on 13 June 2010 and 8 June 2011. At the second harvest in both years, five representative fruit were picked at the breaker stage, which ensured that the fruit samples were at a uniform developmental stage. The harvested fruit were allowed to ripen at ambient storage temperature (%75°F) for 3-4 d before being cut into pieces and blended for 30 s to form a homogenate for each treatment. Three replicates of the composite sample of each treatment were analyzed in both years. The homogenate was centrifuged for 20 min at 17,600 g n and 5°C. Then the resulting supernatant was filtered through eight layers of cheesecloth to obtain a clarified extract. Vitamin C was measured using a microplate spectrophotometer (PowerWave XS2; BioTek, Winooski, VT) with absorbance at 540 nm (Terada et al., 1978) . Percent SSC was measured with a digital refractometer (Abbe Mark II; Reichert Technologies, Depew, NY). Initial pH was recorded, and TTA in terms of percent citric acid milliequivalents was determined by potentiometric titration of 6 mL of tomato extract to an endpoint of pH = 8.2 with 0.1 N sodium hydroxide using an automatic titrator (719 S Titrino; Metrohm, Herisau, Switzerland).
CONSUMER SENSORY ANALYSES. Consumer sensory tests were conducted in 2010 and 2011 at the University of Florida Sensory Analysis Laboratory in Gainesville. Fruit were harvested at the breaker stage of development and allowed to ripen to full color before analysis. In the 2010 study, tomato fruit from NGBW, BW/BW, BW/MU, and BW/SU were harvested on 13 June and stored at ambient temperature (%75°F) for 3 d before the sensory evaluation. In 2011, tomatoes from NGBW, BW/BW, BW/MU, and BW/SU were harvested on 13 June and assessed after 4 d at the same ambient temperature. Fruit from the five field blocks were pooled for each treatment to provide enough ripe fruit for >100 sensory analysis samples. Tomatoes were cut from stem end to blossom end into wedges %1 inch thick. Each serving sample consisted of two wedges of tomato fruit. There were 75 and 69 consumer panelists for the 2010 and 2011 sensory tests, respectively. Sensory test data were collected and analyzed using Compusense Ò Five (Compusense, Guelph, ON, Canada) software. All procedures used were approved by the University of Florida Institutional Review Board.
The sensory tests began with three demographic questions: gender, age, and frequency of fresh tomato consumption (Table 1) . Each panelist was then asked to ''indicate how much you like or dislike the following attributes'' using a hedonic scale. The attributes assessed were overall appearance, overall acceptability, firmness, tomato flavor, and sweetness. The hedonic scale ranged from 1 to 9 (1 = dislike extremely, 2 = dislike very much, 3 = dislike moderately, 4 = dislike slightly, 5 = neither like nor dislike, 6 = like slightly, 7 = like moderately, 8 = like very much, 9 = like extremely). Panelists cleansed their palates between samples using cracker and water. After completing the taste test, each panelist was compensated for their participation.
The order in which the tomato samples were presented to each panelist was randomized to reduce bias caused by the order in which the samples were presented. All possible orders were presented about an equal number
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STATISTICAL ANALYSES. Data were analyzed using SAS (version 9.2 for Windows; SAS Institute, Cary, NC). Fruit composition data were analyzed using a one-way analysis of variance (ANOVA) with Tukey's honestly significant difference (HSD) test (P £ 0.05) for multiple comparisons among treatments. The consumer sensory test data were collected and analyzed using a one-way ANOVA with Tukey's HSD test (P £ 0.05) for multiple comparisons among treatments. To determine the impact of demographics on consumer sensory scores, regression analysis was conducted. In the regression, sensory scores of appearance, acceptability, firmness, sweetness, and tomato flavor were specified as functions of demographic information (i.e., gender, age, or fresh tomato consumption frequency) and production methods (i.e., nongrafted or grafted). Interactions between production methods and demographics were also added to test whether interaction effects existed. However, statistical tests indicated that there were no significant interactions between demographics and production methods with respect to their influence on consumer ratings. Therefore, sensory scores were specified as linear functions of demographic information and production methods such as
where Sens_Score was consumer sensory ratings, Male was a dummy variable indicating whether a respondent was male or female, Age was a respondent's age, Freq was a respondent's frequency of fresh tomato consumption, and Graft1, Graft2, and Graft3 were dummy variables indicating the grafting treatments, i.e., self-grafting and grafting onto 'Multifort' and 'Survivor', respectively.
Results and discussion
FRUIT COMPOSITION MEASURE-MENTS. No significant differences in vitamin C, SSC, pH, TTA, and SSC: TTA ratio between treatments were found in either year for 'Brandywine' fruit (Table 2) . Few consistent effects of grafting or rootstock on quality attributes of tomatoes have been reported from previous studies. Khah et al. (2006) demonstrated that pH, Brix, lycopene content, and firmness were unaffected when the commercial tomato cultivar Big Red was grafted onto 'Primavera' or 'Heman' tomato rootstocks. Similarly, Di Gioia et al. (2010) showed that SSC, TTA, and SSC:TTA ratio were not significantly influenced by grafting heirloom tomatoes onto interspecific hybrid rootstocks. Although vitamin C concentrations did not differ significantly between grafted and nongrafted tomato fruit in this study, decrease of fruit vitamin C levels as a result of grafting with selected tomato rootstocks has been observed by others (Di Gioia et al., 2010; Turhan et al., 2011; Vinkovic Vrcek et al., 2011) . Other studies have also indicated that grafting could negatively affect nutritional quality of tomato fruit including the antioxidant properties ( In contrast, some previous research has shown that grafting with certain rootstocks may have a positive impact on tomato fruit quality by increasing carotenoid content (Fernández-Garcia et al., 2004) . Rouphael et al. (2010) pointed out that grafted fruit quality attributes may be dependent on the selection of scions and rootstocks as well as growing environment. Tomato scion and rootstock combinations have even been reported to perform differently in consecutive years (Mišković et al., 2009) . There are many possible scionrootstock combinations and growing environments. Clearly, more of these scenarios will need to be examined before researchers fully understand the impact of grafting with different rootstocks on fruit quality attributes. These studies will need to assess specific rootstocks for specific growing conditions in a variety of regions.
Environmental conditions may influence fruit quality more than the impact of grafting with rootstocks. It was demonstrated that SSC and TTA of tomato fruit varied significantly with harvest date despite the similar levels between grafted and nongrafted tomatoes (Di Gioia et al., 2010) . Our results showed that SSC values in 2010 were lower than that measured in 2011 by %36.6% on average, whereas the average SSC:TTA ratio in 2010 was %43.2% lower than that in 2011. The vitamin C level in the 2010 fruit samples was also lower than the 2011 study by 17.6%. Given the considerable seasonal variability and even the changes of fruit composition during the harvest season, multiple samplings are suggested when examining the influence of grafting on fruit composition and quality. Moreover, fruit ripening needs to be well considered in a grafted tomato study as SSC and carotenoid level often increases in tomato fruit with advancement of ripening stages (Raffo et al., 2002) .
CONSUMER SENSORY ANALYSES. In the 2010 study, the consumers perceived some differences between 'Brandywine' fruit harvested from the nongrafted and grafted treatments in the sensory attributes evaluated (Table 3 ). There were significant differences regarding overall appearance, overall acceptability, and tomato flavor. For the overall appearance, fruit from nongrafted 'Brandywine' were 
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• December 2012 22 (6) rated significantly higher than fruit from 'Brandywine' grafted onto 'Survivor' rootstock. Grafting onto either 'Multifort' or 'Survivor' rootstocks resulted in a significant decrease in the overall acceptability rating compared with nongrafted tomatoes. The self-grafted scion control was included to differentiate the impact of the grafting process per se from the rootstock effect. Interestingly, fruit from self-grafted 'Brandywine' also showed significantly lower ratings of overall acceptability in contrast to the nongrafted tomatoes. Regardless of these differences detected, consumer ratings of tomato firmness and sweetness did not differ significantly between nongrafted and grafted treatments. Although grafting with the two rootstocks had a consistent negative effect on heirloom tomato flavor in the 2010 study, this trend did not persist in 2011. No significant differences were observed between nongrafted and grafted treatments for the measured sensory analysis attributes in the 2011 consumer sensory test. The 2011 season was generally drier and warmer with lower foliar disease incidence than the 2010 season. Crop vigor and tomato yields were higher in 2011 than in 2010 (Barrett et al., 2012) . The grafting effect on tomato sensory attributes in response to variations in seasonal environmental conditions may deserve further studies. According to Di Gioia et al. (2010), grafting did not influence the sensory attributes ''sweetness,'' ''sourness,'' and ''tomato-like taste'' for the heirloom tomato cultivar Cuore di Bue. In their study, 'Cuore di Bue' was grafted onto the interspecific hybrid rootstock cultivars Beaufort and Maxifort, which were produced from the same breeding program as the rootstock 'Multifort' used in this study. The regression analysis revealed similar results as the ANOVA regarding the grafting effects on consumer sensory ratings, with the exception that grafting with both rootstocks caused a significant decrease in tomato flavor rating in 2010 (Table 4) . Gender and age did not have any significant impact on consumer sensory evaluation results. However, frequency of fresh tomato consumption showed significant influence on consumer sensory ratings for almost all the attributes evaluated in 2010 and 2011 except for the overall appearance evaluated in 2010. Interestingly, panelists with frequent tomato consumption were more likely to give lower scores in the sensory tests for either grafted or nongrafted tomatoes.
Tomato flavor is a complex balance of sugar and acid contents with aroma volatiles (Krumbein and Auerswald, 1998) . Cultural practices and environmental conditions during fruit development can affect the ratios of flavor compounds in the fruit. Harvest z Sensory attribute ratings from consumer sensory tests using a nine-point hedonic scale (1 = dislike extremely, 9 = like extremely); different letters within a column indicate significant differences at P £ 0.05 by Tukey's honestly significant difference test. y 'Multifort' is an interspecific tomato hybrid rootstock; 'Survivor' is a tomato hybrid rootstock.
x 75 consumers participated in 2010; 69 consumers participated in 2011.
• December 2012 22(6) maturity also has a major influence on flavor in climacteric fruits like tomato (Mattheis and Fellman, 1999) . When tomato fruit are picked before reaching full ripeness and ripened off the plant, they tend to have less ''tomato-like'' flavor intensity, are less sweet, and have more off-flavor than tomatoes ripened on the plant (Kader et al., 1977) . In this study, environmental conditions were more favorable and yields were much greater in 2011 than in 2010 (Barrett et al., 2012) . As a result, more fruit were available at similar stages of development for the fruit composition measurements and consumer sensory tests in 2011. The sensory differences among 'Brandywine' fruit in 2010 between nongrafted and grafted plants may reflect the more variable SSC and ripeness stages of fruit in 2010. Grafting may also affect the maturation of tomato fruit. Grafted plants can have delayed early harvests compared with nongrafted plants because the grafting and healing processes may delay fruit development (Khah et al., 2006; Lee et al., 2010) . Khah et al. (2006) showed that there were no significant differences in the number of flowers per tomato plant later in the growing season. In our studies, fruit from the second and third harvests were used to reduce the variability of fruit maturity between grafted and nongrafted treatments. Harvest time has been shown to markedly affect the consumer-perceived appearance of tomato fruit (Klein et al., 2010) . It would be advisable to conduct consumer sensory tests using fruit from different harvests during the production season to fully elucidate the influence of grafting on tomato sensory attributes. The effects of grafting per se and the use of rootstocks on fruit ripening also deserve more in-depth studies.
Heirloom tomato fruit are desired for their exceptional flavors, colors, and unique shapes. Overall, neither grafting nor rootstock demonstrated any pronounced effect on fruit composition of organically grown 'Brandywine' tomato fruit measured in this two-year study. Inconsistent impacts of self-grafting and grafting with disease-resistant rootstocks on fruit sensory attributes were observed. Growers interested in using grafted plants need to be aware that scionrootstock interactions are still not fully understood. It is suggested that different grafting combinations be evaluated under site-specific conditions before incorporating this technique on a large production scale. 
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